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INTRODUCTION bs 


There are three researches upon the svecific heat of water vavor by the 
method of explosicn that are sufficiently advanced in technique and suitable in 
Plan to justify careful study of their results, with the double purpose of fixing 
the best available experimental values and indicating the attsinable accuracy of 
the method. Theso threes researches comprise the worl: of Pier¢, Bjerrun4, and 
Siegel.Y The woric of earlier date than Fier's surfers from obvious inaccuracy of 
measurement, while tne experiments more recent than Siegel's, such as those of 
Womerslev9, of Bone and his collaborators’, and of Maxvell and Theeler,® are for 
the most part not well designed for the accurate determination of the heat 
capacities in question. Some of the errors. to which they are especially subject 


have been discussed by David? and by David and Thorp. : 
1 The Bureau of Mines will welcome reprinting of ti nis paper, provided the follow- 
ing footnote aclmowledgment is used: "Reprinted from U. 5. pureed of Mines 


Information Circular 6327." 
Consulting physical chemist, v. S. Bureau of Mines, Pacific mene wineHt Station, 


Berizeley, Calif. 
3 Pier, Mathias, Die Spezifischen Warme von Argon, Wasserdanpf, Sticlstoff und 
Wasserstoff bei sehr hohen Temperaturen: Ztschr. EHle’strocnem., vol. 15, 


1909, Pp. 536. 
Bjerrum, Niels, Die Dissociation und die Spezifische Warme von Wasserdampf bei 


4 
sehr hohen Temperaturen nach Explosions versuchen: dZtschr. phys. chem., 
vol, 79, 1912, p. 513. 
9 Siegel, Wilhelm, Untersuchungen von Gaszleichzeivichten und spezifischen 
Warmen nach der Explosions methode: Ztschr. phys. chem., vol. 87, 1914, 
p. 641. 
6 Womersley, W. D., The Specific Heats of Air, Steam, and Carbon Dioxide: Proc, 


Roy. Soc, (London), vol. A--100, 1921, p. 483. 
Gaseous Combustion at High Temperatures. 


7 For example, Newitt, Dudley M., 
Fart X. The Co-Volume Corrections, Maximum Temperatures, and Dissociation of 


Steam and Carbon Dioxide in Explosions: Proc. Roy. Soc. (London) , vol. A-119, 


1928, 464. 

g Maxwell ; 7G. B., and. Wheeler, R. V., The Pressure Produced on Inflammation of 
lixtures of (a) Carbon Monoxide and Air, (b) Hydrogen and Air in a Closed 
Spherical Vessel: Jour. Chem. Soc. London, 1928, pp. 15-21. 

2 David, W. T., The Dissociation of Carbon Dioxide at High Temperatures: Natures 
vol. ae pies 

0 David aire B. H., The Pressures Developed in Gaseous Explosions: 

_ Metice, ae ame, 1928, p. 420 
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In a previous report upon this subjectl! it was pointed out that Pier's 
results can be used with greater confidence than either Siegel's or Bjermm's. 
The latter observers worked in a range oi temperature wnere the dissociation of 
hydrogen might have an appreciable effect. In Pier's experiments this factor 
could not have been large. More important in influencing the choice of daia, 
however, is the fact that Fier's may be recalculated, relative to argon, in such 
@ way as to eliminate largely many of the errors that might be present in the 
direct results. These recalculated data appear to be free from any large error 
not characteristic of the method itself, and are to be regarded as the present 
standard values in their temperature range. 


Nevertheless there are a number of reasons for consideration and recalcula- 
tion of the data of Siegel and Bjerrum. In the first place, they have been widely 
quoted and used without a proper understanding as to the exact significance of 
their direct results. This is partly due to the fact that Siegel's individual values 
are not given in his article, l¢ and Bjerrum applies a questionable correction for 
heat loss in the calculation of his. The values as published do not agree well 
with each other, nor with the values based upon Pier's measurements, nor with the 
figures adopted by Partington and Shilling!4 and reproduced in International 
Critical Tables, which are based in part upon Siegel's measurements. It is there- 
fore desirable to make their actual results available. Secondly, as their upper 
limit of temperature exceeds Pier's by several hundred degrees the incorporation 
of their data with those of lower temperature, should it prove feasible, would be 
desirable. <And, thirdly, it is urgent that all available information be applied 
in an effort to resolve an apparent difficulty with respect to the limiting heat 
capacity approached at these temperatures, Ordinarily there are ascribed to tri- 
atomic molecules but three vibrational degrees of freedom, placing a normal limit 
of about 14 calories upon C,. <All of the above discussed values exceed this limit. 
Thus at 2,500° K. the recalculated data of Pier lead to a value of 16.7 calories. 
Partington _and Shilling give C, at this temperature as 15.47, The corresponding 
values of C,, (mean specific heat at constant volume) of Siegel and Bjerrum are 
also above the theoretical value, Bjerrum's approaching it more closely than any 0! 
the others. - Bees 


Be ee ee 

11 Eastman, E. D., Specific Heats of Gases at High Temperatures: Tech. Paper. 440, 

Bureau of Mines, 1929, 27 pp. | | 

12 Siegel's results are represented in his paper by an equation in ™ for the meal 

specific heat between 0° and T°K. This equation is based partly upon result: 

at lower temperatures and has been influenced by them, so that in the range | 

of the explosions the equation does not closely follow the actual direct re- 

sults for heat capacity, upon which it purports to be based. By chance this 

equation follows closely over a part of its range, the values obtained from 

Pier's results relative to argon. The remar's made in the former paper (ref. 

11) that the equation is valueless, was based partly on these considerations 

tly on the uncertainties as to dissociation, and partly on a statement of 
ertérctos ar Shilling (ref. 13, p. 130) as to the course of the equation. 

13 Partington, J. R., and Shilling, W. G., The Specific Heats of Gases: London, 
1924, 252 pp. The values of G, do agree well in this case with Siegel's 
equation, and with the best values in this temperature range as adopted in 
reference 11; the values of C,, do not correspond, however, with those of the 
latter reference, the differehce evidently arising in transposing mean to 
true specific heats, a slight difference in slope. in the former evidently 
producing large variations in the latter. - 
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Following these ideas this report is cevoted to a study of the above data. 


The first stage comprises a comparison cs tne direct results, which are not given 
in any of the original articles, of all three observers as obtained by calculation 
from their primary observations. The possible effect of the dissociation of | 
hydrogen and water is next considered. Thisis followed by a discussion of 

possible inherent errore of the explosion method and by some remar!:s concerning 


theoretical possibilities leacing to high specific heats. 


CALCULATICiS 
The calculations presented here fall into three groups. The first of 


these concerns the apparent heat capacity, as obtained from observations of the 
Iimall-gas" containing admixtures of certain 
diluent gases (and in some cases excess water vepor) in varving amounts. ‘The 


formila that is. apvlicd is 
_291,7 ‘ ting PLOT = : 
V(t-T) -Fm gy} /O * M350): (1) 


* 291,T 

. In this equation, Cy,H pn represents the mean molal heat capacity of water 
vapor between the initial temperature of 291° [. of the explosivs.mixture and the 
final maximum temperature, T° K. Q represents the heat absorbed by the products 
of combustion over the indicated temverature interval. In these calculations Q is | 
taken as 57,530 calories, the heat of formation of 1 mol of water at constant 
volume and 2919 K, This assumes that there are no heat losses of any ‘cind during 
the explosion. The symbol m represents the number of mols of added diluent gas 
per mol of water formed in the explosion, subscripts being used to distinguish the 
separate gases; my is thus used to represent some particular diluent and my. 9 the 


number of moles of water additional to that produced by the explosion. 


oe ae 
v,i represents the mean molal heat capacity of a diluent gas in the explos ion. 
Values of the latter quantity used here for hydrogen and nitrogen are taken from 
the curves of Figure 2 of the former paper. For argon the value 3R/2 was used 
at all temperatures, The final temperature, 7, is calculated with the aid of the 
gas laws from the measured temperature, T,, and pressure, Py: before explosion and 


the final measured pressure, p. The contraction on burning rmst also be allowed 
for, the required relation being 

Ia this-equation c, the "contraction" factor correcting for the change in number of 
molecules ‘during reaction is 


(2) 


ibaa as | ? : (3) 
+5 my _ | 


14 See- reference Il. 
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_ The data treated in this way include the high temperature (2,100°K. or 
higher) results of Pier in three series of experiments and the results of all the 
experiments of Siegel and Bjerrum in which excess hydrogen was present. The re- 
sults are collected in Table 1, which includes also a partial summary of conditions, 
indicating the formulas of the admixed gases, and the approximate initial pressure 
in each run. | 


Table 1. - Uncorrected heat capacities between 291° and TOK. 
A. EXPERIMENTS OF PIER 


Initial 291,T 
Exp. pressure om 10 
No. atmospheres calories 
166 a: 8.73 
167 1 9,03 
168 1 9.68 
161 1 8.99 
162 1 9,4) 
163 1 9.94 
144 : oe 9.94 
145 1 9.88 
146 1 9,84 
147 1 9.13 
148 1 9.30 
149 1 9,08 
150 1 8,47 
151 1 1/ 8.84 
152 1 1/ 8.70 
153 1 1/ 8,90 _ 
B. EXPERIMENTS OF SIEGEL : 
71 Ho 2 2467 9.28 
72 do. L 2655 9,47 
73 do. r=) 2195 8,99 
74 do 2 2882 9.89 
COr do 1 2478 9.43 
76 do. 1 2701 9,59 
77°: do. 1 2866 10, 04 
78 do. 1 2236 9,04 
79 co. 1 2808 9,84 
64 do 6) 2641 11.15 
65 do. 0 2041 12.50 
66 do 0 2066 11,74 
68 do. 0 2016 12.17 
0 do. 0 966 2.90 


1 The initial temperature corresponding to these values is 344°K, 
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The second group of edleulatsons involves the same experiments that supply 
the material of Table 1, but is carried out on the assumption that equilibrium is 


' peached in the dissociation of hydrogen and considering also the dissociation of 


water itself. In all of these experiments hydrogen was added in excess of the 
theoretical amount, with the intention of suppressing the dissociation of the 

water, As the temperature attained in some of the experiments was quite high, it 
is not apparent that the amounts of excess hydrozen were sufficient to accomplish 
this purpose. Accordingly this phase of the question was included in all calcula- 
It was found, hovever, that in every case the claim of the experimenter is 
substantiated, as the effects of the dissociation of water, assuming equilibrium to 


be reached, proved negligibly small. Explanation of the method of correcting for 


this dissociation vil not be given in detail, since it may be inferred from the 


somewhat simpler example of hydrogen which is about to be discussed. 


There are two ways in which the dissociation of the excess hydrogen affects 
the calculation of the heat capacity of: the water. First, it affects the contrac- 
tion factor c of Equations 2 and 3, and hence the calculated temperature of explo- 
sion. As the amount of dissociation and: the explosion temperature are mutually 
dependent they must be calculated simultaneously by a series of successive approxi-~ 


The procedure is to adopt as a first approximation an explosion tempera- 


mations. 
The amount of dissociation at this 


ture obtained from Equation 2 with c unchanged. 
temperature is calculated from the corresponding equilibrium constant and the 


partial pressure of hydrogen in the explosive: mixture at the instant of maximum 
By changing the factor c to allow for this dissociation, a new explo- 
sion temperature is calculated. This temperature is too low, due to over-correc- 
tion, where the original one is too high. By repetition of the calculation employ- 
ing the last corrected temperature, the actual explosion temperature and amount of 
dissociation are finally approached as closely as desired. With the amount of 
dissociation fixed it is then possible to maxe the second correction, which relates 
to the heat absorbed in the dissociation (assumed to occur at the explosion tempera- 
This heat must be subtracted from Q in Equation 1 in calculating Ce. 


Pressure, 


ture), 
The detailed methods of these éaiearatione need ise be given, but the 
equilibrium and thermal date employed in them will be recorded. The value of JE 


for the reaction 
Ho = 28 (I) 


a ena E ee ae eT ORES 5 Eee ee RON EE TIS ON ee ee TER Re ED 
15 The explosion pressure is not recorded in the papers of Pier and Siegel. It 


has been calculated by Equation 2 from their assumed explosion temperatures. 
In these calculations the initial pressure in Pier's experiments was also 


assumed to be 1 atmosphere. 
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is obtainable from the measurements of Sesh and Copeland! and. the ‘calculations 


of Richardson and Davidson!’ based upon spectroscopic data. In agreemént with . 


them, the various thernal quantities pertaining to Reaction I required in this = : 


work have been taken as AE, = 4.46 volts equivalent = 102,930 calories: ’ 


Alogg = 103,500 calories; AH, = 102,540 calories; AEnsq9 = 103,400 calories; 
As AE is not greatly affected “by temperatur e, the last value. suffices for vse at | 
the temperature of explosion in any of the experiments. . its oars | 


Rh te 


The free energy of Reaction I has been calculated by évaudue rom accuraté 


spectroscopic data, in _ conjunction with AE, as given above, at temperatures up, to. ° 
5,000° K. Values of ~ log K at 2,000, 2,500, and 3,000° XK. ‘have been very telndly : 


supplied by him in advance of publication. The preliminary values, sub ject: CO. 


slight corrections, are 5.539, 3.173, and 1.573. These equilibrium constants wave 


been plotted as log K vs 1/T. Linear interpolation on this plot supplied the- 
values of K required above. The accuract of these values is supposed to depend 
primarily upon the accuracy of /|E5. This corresponds to about 25 ver cent in K: 


at 2,000° and 17 per cent at 3,000°. It is interesting to note- ee ‘a free. ‘OnerEy 


equation 
AT} = 102,540 - 3.457 In T +0, oooss92 - 0.7127 


based upon values of entropy at saan K., again supplied by Giauque ‘as. = Gl. 28, 


Sq = = 27.4, together with 4H, above and the specific heat equations even prev- ae 
ously. 1e very closely parallels the curve mentioned BpOve: and might be used. 
equally well. 


The ‘specific heats of water calculated on the above assumotions are 


exhibited in Table 2, which includes the same experiments as Table 1, with the ex~ 


ception of Pier's experiments 151, 152, and 158. 


16 Bichowsky, F. R., and Copeland, L. C., The Heat of Formation of Molecular 


Hydrogen: Jour, Am. Chem. Soc., vol. 50, 1928, p. 1315. 

17 Richardson, 0. W., and Davidson, P. M., Proc. Roy. Soc. (London), vol. A123, 
1929, p. 466. 

18 See reference ll. 
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Table 2. ~ Heat capacities calculated from experimental — 
data, assuming equilibrium in the dissocia-~ 
tion of hydrozen 


ae ree MENTS OF a | B. EXPERIMENTS OF SIEGEL C, EXPERIMENTS OF BJERRUM 


Exp. toperatare, Cy ee te 70 Cy H50 Exp. | t oo Cy, H50 


40 2045 12.08 
38 2669 11.93 
30 2787 11.35 
ol 2834 12.04 
29 2956 12.08 


co OO 


e se ee @ 
i C O © 
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Calculations Involving Corrections for Dissociation 
of Water and Hydrogen 


The third set of data employed include experiments by Siegel and Bjerrum 
with nitrogen and argon, respectively, as diluents and with no excess hydrogen. 
these experiments correction must be made for the dissociation of water vapor. 
dissociation of hydrogen produces appreciable effect in some instances also, af- 
though it is always small compared to the correction for the water. Both correc= 
tions have been made in these calculations. The principle is the same as in the 
simpler case and need not be again explained. The required equilibrium constants 


In 
The 


Were obtained from a graph based on the free energy equation given in another re- 


port’” for the reaction 
. Hp + 1/2 05 = #0 (g). (II) 


The equation for free energy is limited to temperatures below 2,500°K. on 
account of the limitations in the specific heat terms. Within this range equilib- 
rium constants’ obtained from the eauation are probably correct within about 25 per 
cent at all temperatures. At 3,000°K., to which it has been extended in this case, 
the error in the constant should not exceed 40 per cent. As the error in the cal- 
culated dissociation is less than in the.constant, and as the corrections are usual- 
ly not large, they are moderately eeemer a The results of the calculations are 


shown in Table 3. 


eee Ss Oe ee ea RN OS PS ee Ae a, SE ean eee ae 
19 Eastman, E..D., The Free Energy of Water, Carbon Monoxide, and -Carbon Dioxide: 
Information Circular 6125, Bureau of Mines, May, 1929, 15 pp. 
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Table 3. ~ Heat Capacities corrected for dissociation 
of water and assuming equilibrium in the 


hydrogen dissoctation 


A, EXPERIMENTS OF SIEGEL, NITT.OGEN AS DILUENT, 
INITIAL PRESSURE 1 ATMOSPHERE 


Final 291,T 


Exp. _ temperature, — | C, Ho0 
No. TK. : 
SO. - 10.00 
81 9.92 
83 10.20 
84 10.55 |. 
89 Oe (Orc 
B. EXPERIMENTS OF BJERRUM, ARGON AS DILUENT, 
INITIAL FRESSURE 0.13 ATMOSPHERE 

03 | : 14.10 
o4 13.66 
57 13.16 
56 12.78 
55 12.92 


Discussion of Calculated Values of Heat Capacity 


Inspection of the specific heats in Tables 1, 2, and 3 reveals at once that 
the experiments of Bjerrum, at 0.16 atmosphere, and of Siegel at comparable 
pressures, are affected by large errors. They are not in agreement with each other, 
nor with any of the other measurements at higher pressures. The effect of 
dissociation of hydrogen, as seen in the tables, is not sufficient to bring them 
into agreement. There appears to be no way to utilize these measurements. 
Bjerrum's attempt to do so by making arbitrary corrections for heat losses must be 
disregarded, and his equation, regardless of how nearly correct it may be, has no 
adequate experimental foundation in the upper temperature range. Such inferences 
as may be drawn from these measurements will ‘be brought up in the later discussion. 


The measurements at initial pressures in the neighborhood of 1 and e 
atmospheres are reasonably consistent. The uncorrected results of Pier and of 
Siegel in Table 1 are plotted in Figure 1. The three series of Pier show no 
significant differences among themselves and. have not been separately distinguished 
on the plot. Siegel's values at 2 atmospheres lie uniformly slightly below his 
corresponding measurements at 1 atmosphere. As the difference, though probably a 
real effect, is little more than the possible error, these points are not given 
distinctive marks either. At only one point, near 2,600°K., does appreciable lack 
of agreement between the two observers appear. Siegel's measurements should un- 
‘doubtedly be given greater weight than Pier's, as far as the direct values are 
concerned. 
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Figure 2.- Comparison of equations ror *true® heat capacity. Measurements: 
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circles, Knoblauch. Comparison equations: Curve 2, theoretical, curve 
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For comparison with the direct results in Figure l, several curves are also 


shown. Thus the values relative to argon aeduced previously2 from Pier's worl 
are given by the solid portion of..¢e@wrve 1. An extrapolation to cover the wider 
temperature range considercd here is comprised in the dotted portion of this curve. 
Thig part of the curve has no éxpérimental basis, yet may lie close to the true 
values, as discussed below. Curve-2 is based upon a theoretical curve for Cy de- 
rived by Glaugue by applying certain optically determined frequencies in the 
Planck-Einstein equation for: viorational specific heets. The assignment of 
frequencies is uncertain, , and the calculations therefore are purely preliminary in 
character. The form of the curve is typical, however, of that to be expected, and 
it will be used as such. ‘The later discuseion will center princivally about the 
relative experimental validity of these two curves, recognizing that both are sub- 
ject to some modification. Curve 3 of the Figure 1 is calculated by transforming 
Siegel's equation. This equation may be approximately valid. It does not, how- 
ever, follow closely the results in the region that it was intended to represent. 
Moreover it is com.lex in form, and according to Partington and Shilling gives a 
specific heat) of 13.25 near 2,500° K., with rapidly falling 
-It will not be further discussed. Another curve, 
Its equation issimpler in form 
o is derived | 


maximm in C, (true 
values at higher tenneratures. 
numbered 4 in the figure, closely parallels it. 
than either Siegel's empirical: ‘One, or the Planck-Einstein eae: 


from the following: 


C, = 8.32 - 6,53 x 10 tiara nie? P55 210A | (4) 
Equation 4 nowhere within its range of 300 to 3,000° .K. very much’ exceeds 14 
calories and closely represents the lower temperature results, 


” Ta order to fix the sienierebace of these curves as to true specific heats, 
they are shown, with the same designations, in this form in Figure 2, which include: 


also the Brpersmental results at lower temperature and the final curve of the Orne 


er paper. © 
The data of Table 2 calculated on the assumption of equilibrium in the 

Cissociation of hydrogen are shown in Figure 3. This figure includes also the 

It is apparent that at the higher tempera- 


Principal curves of Figures 1 and 2. 
tures the agreement of the corrected points with the optical curve (number 2) ig 


Close. It is equally apparent, however, that to obtain complete agreement of the 
measured points with this curve, the assumption respecting dissociation of hydrogen 
is not enough, Such agreement might be obtained only by the further assumption of 
relatively large heat losses, or other errors, at the lower temperatures, diminigsh- 
ing rapidly as the explosion temperature increases and becoming inappreciable at 
the highest temperatures. Since there is evidence supporting such an assumption 

in a qualitative sense, it becomes of much importance to test it quantitatively, 
For this purpose a consideration of the nature and possible magnitude of some of 


the errors of measurement is necessary. . . 


20 See reference ll. oe 7 
cl See reference 11. 7 * a oo. an 
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Heat Losses.— There are several ways of approaching the study of heat 
losses. From the form of the pressure-time record of the explosions an estimate of 
the order of magnitude of the losses may be made. The data under discussion have 
not been treated by the author from this standpoint. In the explosion of hydrogen 
and chlorine, however, Wohl’ estimates that the loss is negligible at temperatures 
higher than 1,900° K.. 3 


The effect of the temperature of explosion upon its duration is well indi- 
cated by these records in both the chlorine and oxygen explosions. The greatly 
decreased interval accounts for the reduction of losses which is always found at 
the higher temperatures. Fler considered that heat losses were negligible above 
about 2, 400° XK. 


A second indication is found in the comparison of the directly calculated 
values with those relative to argon. This comparison is most reliable at about 
2,300° K. At this temperature; the total loss including any effect of the 
dissociation of hydrogen, produces.a'maximum errot of 3 or 4 per cent in the heat 
capacity of water. This assumes the’accuracy of the relative values, which will be 
discussed later. 


Again.the heat losses are.strongly dependent upon pressure. Bjerrum and 
Siegel assumed the percentage heat loss to be inversely proportional to the initial 
pressure. This assumption.is unlikely to be closely correct. Using it, however, 
Siegel calculates that his losses at 1 and 2 atmospheres initial pressure were 
small enough to neglect at all temperatures in his wor. 


Concerning the losses by radiation, the.direct measurements of Davia©* are 
available. The conditions of his experiments do not duplicate the present ones 
exactly, but are roughly comparable. He finds a loss of O.5 per cent during the | 
explosion of hydrogen and air when temperature was 2,400° K and 1.3 per cent at 
1,580° K. In the bomb used by Pier and Siegel the loss should be smaller than this. 


Equilibrium Effects.- Absence of complete equilibrium at the time the 
maximum pressure is reached offers a possibility of error on the side of high 
specific heats. If, for example, the reaction is incomplete at the time the maxi- 
mum pressure is developed, such values will result. David and Thorpe* give 
experimental estimates varying from 3 to 10 per cent of minimum values of the 
percentage of unburned gas at maximum pressure in hydrogen-oxygen-nitrogen mixtures 
containing no excess hydrogen. With excess hydrogen this percentage must be much 
reduced. These authors consider, however, that even with large excess of hydrogen 
large effects may still remain, under the conditions of their experiments, approach- 
ing zero with increasing initial pressures.-: It appears probable that the cooling Oo: 


ai eae DO Oe Ree Ne SERIO ae aE Tie Re a a EE ES SE ee EE es a 

22 Wohl, Kurt, Die Dissoziation von Chlor und Wasserstoff in die Atom: Ztschr. 
Elektrochem. , vol, 30, 1924, p. 49. 

23 David, W. T., Radiation in Gaseous Explosions: Trans. Faraday Soc., vol. 22, 
1926, Dp. 273. 

24 See reference 10, 
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the gases at the surface of the bomb is responsible in part this effect. Pier. 
and Siegel had much more fevorable concitions than David anc Thorp in this respect 


and the error snould be muct reduced in their experiments. Wohl found evidence 


of "after-burning" of this -:ind only vith much diluted mixtures and never when 
excess hydrogen was elone present. Even in te mixtures in which the effect 


apveared it was eppreciable onl: below 2,400° %. and was only about 0.75 per cent: 
at 1,955° XK. | | 


It seems probable, also, that ee is meinly responsible for the 
large losses in the experiments of Siesel and Bjerrum at low pressures. As the 
change in apparent specific heat vetween 1 anc 2 etmoscheres is so small, however, 
it seems safe to conclude that at these pressures the erfect is very largely 
eliminated in the measurements uncer cGiscussion. It may nevertheless influence 
appreciably the exneriments of Siegel vith nitrozen as diluent listed in Table 3, 
es well as all of the low-pressure measurements. 


Other possible sources of error waiich fall under the heading of "“eouilib- 
rium effects" may be mentioned. The formation during the period of reaction of 
activated molecules tich are unstable at the meximum temperature but do not all. 
decompose until after the maximum pressure is reached, vould give rise to high © 
eoparent specific heats. An effect of this ltind is suzcested by the results of 
David on explosions of hydrocerbons, here the radiation was not simply a func- 
tion of temperature, bus was most intense before the highest temperature was 
With explosions of hydrogen this vas not the case; the presence of 


such effects remaine therefore an unsupvoried possibility. A somewhat similar 


Possibility, for which there is again no evidence, is the formation in the early . 


stages of explosion ox some unstable substance, such as H505, decomposing com- 
pletely only after maximum pressure has been passed. The presence of such molecules 
should be revealed by the quality of the radiation during explosion, but to date. 


this has not been studied. 


es Errors in Heat C apacities paloviated nelative to Argon 


Most of the errors discussed ehaie should be greatly reduced in the 

The values obtained previously in thig 
vay from Pier's series of experiments. with argon should »e free from serious 
defects in principle, with the possible exception of svecific differences between 
arcon and water in their influence upon the rate and equilibrium of the explosion, 
There is a erage correction to the temperrtures as plottea in Figure 6 of the 
former paper,©“° if hycrogen is assumed to Giscocinte, but it has little effect upon 
the calculated heat cacacities. One source of smell error, not inherent in the 
method but affecting Fier's experiments, is found in the necessity of correcting 
for differences in the initial temperatures of the experiments with excess water 
vapor as compared with those in the argon series. In the former calculations this 
correction. was. made by determining the composition of mixtures, *eeping the same 
Proportions of added gases, which would have produced the same final temperatures 
starting from 291° Xx, as were produced by the actual mixtures starting from 326° XK, 


w 


2) See reference 23. 
25 See reference 11. 
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This method is preferable to the other possible one of assuming the change in 
temperature on explosion to be independent of the starting temperature, and t aking 
the actual compositions with only slight changes, to reduce them to the standard 
mixture, for the coustruction of the curves for determining relative values. The 
latter method yields lees consistent results than the former: it agrees reasonably 
well on the average over the whole range, but at 2,200° K. where the results 
should be most reliable gives heat capacities several per cent higher than the 
first method. There is little doubt of the greater reliability of the first 
method. Yet the necessity for this correction, together with the small number of | 
experiments, ma‘zes imperative the restriction of the values to the mid-points of 
the range of temperature actually covered by the experiments. If the second 
method of correction is given any weight, it reduces the estimate of the heat 
losses obtained by comparing the directly calculated heat capacities with the 
relative. : 


Evidence that Hydrogen does not Dis sociate 


The collective evidence adduced in the preceding sections, although no 
single point of it is elone completely convincing, tends rather uniformly to the 
conclusion that the heat losses which undoubtedly affect the direct calculations 
have been amply corrected for in the relative determinations. So far as the 
experimental evidence at present available is concerned, the discrepancy, although 
not large, seems real between the experimental values of Figures 1 and 3 and our 
type curve (number 2 in the figures), at least in part of the temperature range. 
This males the agreement at the higher temperatures of the latter curve with cal- 
culations assuming dissociation of hydrogen appear fortuitous. | 


It would thus be desirable to have independent evidence as to the actual 
extent of this dissociation in these explosions. Here again there is nothing ©. 
decisive available. It may be pointed out, hovever, that had the dissociatior 
occurred appreciably, its effect should be rather different in the three series 
of Pier with argon, nitrogen, and hydrogen, respectively, present in large excess. 
Actually the three do not differ significantly, as shown in Figure 1. A similar 
consideration applies to Siegel's series with nitrogen and Bjerrun's with argon. 
These measurements are not as largely affected by the hydrogen dissociation as are 
the other comparable experiments. Had the dissociation occurred in the latter, 
the apparent values should lie above the nitrogen and argon series. Actually they 
do not. This argument is of somewhat lessened force in these last instances be- — 
cause of a Dossible complication from after-burning. 


These are the only experimental leads. Inadequate though they are, they — 
consistently indicate that the dissociation of hydrogen if it occurs appreciably 
during these explosions, at least does not reach the full equilibrium value. This 
ig not necessarily in conflict with the results in the hydrogen-chlorine explo- 
sions, where the dissociation of hydrogen does occur, because the mechanism of ~~ 
the latter reaction is ‘mown to involve the formation of monatomic hydrogen. : 
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Theoretical Possibilities of High Specific Heats 


Since the evidence is not clear that the high apparent specific heat is 
due to errors or to the dissociation of hydrogen, it is in order to consider the 
possibility of a real effect. Such an effect could be present if there are two 
forms of water molecules, with an energy difference of apvropriate magnitude (less 
than 1 volt~electron). The necessity of an assumption of this kind has not 
apoeared as yet in any other connection. Foote and Mohler? report a doubtful 
resonance potential ror water vapor at 7.6 volts, which even if it exists is too 
high to be of interest here. Llectron jumps do not occur in the water molecule, 
as far as the analyses now availatle of the spectral data are concerned. These 
analyses are perhaps incomplete, and it is of interest that in the OH molectle, 
bands due to which are obtained in the spark discharge in water vapor, there are 
two electronic states with about 4.00 volts<® difference in level. It is not un- 
reasonable to expect a similar level (possibly a lower one) in the water molecule. 
Its existence, or that of any other sort of excited state, remains, however, an 


unsupported hypothesis. 


The possibility of.more than tnree degrees of "internal" freedom of tri- 
atomic molecules also requires assumptions which have not as yet proved necessary 
in other considerations, although they follow from some of the cruder chemical 


As long as the molecule is regarded merely as an assemblage of three 


models, 
three 


massive points mutually interacting under appropriate laws of force, 
degrees of freedom is tne. maximum number required to describe the possible 
oscillations of the atoms. There appears to be no justification of Eucken! 59% 
assumption that four are necessary in the case of three atoms whose normal con- 
figuration is linear, .Indeed with a strict constraint of this lind, the number 
would obviously be reduced to two. If, however, the moael comprising three 
massive point centers of force is displaced by one in which the atoms have the 
tetrahedral structure of electrons employed so often in chemical considerations, 
and are joined by electron pairs which constitute localized forces or bonds, 
three coordinates may no longer be enough to fix the internal energy of the 
molecules. Additional coordinates, corresponding to an increased number of 
degrees of freedom, might then be required to specify the orientations of the 
tetrahedra, before the potential energy is determined. A heat capacity (at 
constant volume) much greater than.12 calories, in the absence of excited states, — 
would apparently require some such assumption for its explanation. This is orie of - 
the reasons for the interest in the present apparent discrepancy, although the ©. 
water molecules would be less likely to show any such effect than some of the car- 
bon compounds. The evidence at present is certainly not enovgh to establish any 
such hypothesis, and the presenf trend in quantum mechanics is away from such 


detailed models. 7 
2? Foote, Paul D., and Mohler, F. L., The Origin of Spectra: New York, 1922, 


pe -188, ; ‘ 
<8 Birge, Raymond T., International Critical Tables: Vol. 5, 1929, p. 415, ° 
c3 Deviations from Hooke's law are possible sources of high specific heats, but it 


is unlikely that they are of importance, since most of the molecules are in 
relative low vibration states. : 
ken, A., und Lude, K. V., Die spezifische Warme der Gase bie mittleren und 


80 
hohen Temperaturen: Ztschr. physikal. Chem., Abt. B, Bd. 5, 1929, p, 439, 
Also Eucken, A., Zur Frage nach der Gestalt der Kohlensaure molekel: Ztschr. 
Physik, vol. 37, 1926, p. 714. 
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CONCLUSIONS 


The conclusions resulting from the considerations presented in the preced- 
ing may be stated as follows, hydrogen apparently does not dissociate during ex- 
plosions under the conditions discussed here to an extent closery approaching the 
equilibrium conditions, At teiaperatures avdove avout 2,300° i. heat losses larger 
than 3 or 4 per cent do not occur in the experiments with initial pressures of 1 
atmosphere or higher. In the neighborhood of 2,300 or 2,400° K. the values of 
Cy,H20 as previously iJetermined relative to argon remain the vest founded 
experimentally, and their extrapolation approaches the best direct values up to 
3,000°9 Kk, 


None of the evidence leading to these conclusions is decisive. It remains 
.possidle that the'curve of Oy plotted against T really conforms, for example, to 
curve 2 of Figures 1 and 3. All of the doubtful points concerning the actual 
curve secm to be suScertible of experimental resolution in well-conceived experi» 
ments, Until the results of such studies become available, those to whom the 
matter is of interest will no douot prefer to make their own choices between such 
curves of Cy plotted against T as numbers 1, 2, and 4 of Figure 2, Number 1 has 
the advantage of following closely the vest founded experimental values, and the 
disadvantage of exceedin; the normally expected limit of heat capacity, Curve 2 
conforms to the usual type and in certain ranges of temperature is close to the 
best values, but requires for complete justification two experimentally unsupported 
assumptions (relatively large heat losses at lower temperatures, which disappear 
at the higher, and the dissociation of hydrogen to the full equilibrium extent). 
Curve 4 of Figure 2 may serve as a compromise equation, since it fits the best 
data in the lower ranres and would be accounted for in the upper if a partial 
dissociation of hydrogen occurs, It is rouchly correct as to type (within its 
range), does not seriously exceed the theoretical limit, and is of convenient 
analytic form. eS | 


SULMTART 


Calculations have been made of the apparent heat capacity of water vapor 
from several series -of explosion oxperiments by Pier, Slegel, and Bjerrum, 
assuming no heat.losses, and that hydrogen doesnot dissociate, The same data are 
then treated on.the assumption that the dissociation of hydrogen reaches its 
equilibrium value, and some. furtner experiments are calculated in which the 
dissociation of both waver: and. nyeEcesn 4s allowod for, 


The eeuuite of ese weupediasiens are compared with values ‘given by the 
original authors, and others, based on the same data, It is shown that the latter 
values are not in fact representative of the experiments upon which they purport 
bo ere | = 7 
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Comparison is also made with the values obtained by calculation relative 
to argon, and with those assuming the true C, to approach its normal limit of 14 
calories, It is shown that the dissociation of hydrogen is alone not onough to 
secure agreement of the directly calculated values with the latter at all tempera- 
tures, though it does’ so in tho upper range. Complete agreement might be indicated 
only if the further assumption of considerable heat losees at the lower temperatures 
is made. The oxperimental evidence, while not decisive, indicates that no losses 
large enough to account for the difference were present, and is also unfavorable to 


an appreciable dissociation of hydrogon, 


It is considered, therefore, that the values relative to argon possess at 
present the surest oxperimental foundation of any, The rise of C, above 14 
calories as deduced from these values, however, is not established, since: a 
relatively small error in slope of Cy vs T might account for it, and curves 
consistent with the experiments in their most reliable range may be drawn that do 
not show this "orcess’ hoat capacity. There is a possibility that the extrapolation 
of these values gi-es ‘nearly correct results at the higher temperatures, in which 
case the excess ae mente = ae 


Some of the theoretical possibilities leading to. ‘high specific heats are 
discussed, and it is pointed out that certain statements in the current literature 
attributing four degrees of vibrational freedom in the ordinary sense to Pea eomaer 


forms of triatomic molecules are incorrect, 


ADDENDUM 


After the submission of the manuscript of this paper, the work of Wohl and 
von Elbe91 4n the same field was brought to the attention of the writer. Calcula- 
tions analogous to some of those described in this paper have been made by these 
authors, who find agreement with the optically determined specific heat curve, 
Their work differs from the present investigation in the following particulars: 


In the first place, Wohl and von Elbe cite experiments of their own, tending 
to show that in the explosion of dry mixtures of hydrogen and oxygen appreciable 
heat losses occur, while explosions of mixtures containing watere-vapor are nearly 
without loss, On the basis of these experiments they give less weight to the ree 
Sults of Siegel than to those of Pier or Bjerrum, They are continuing the investi- 
gation of the effect mentioned. Until the completion of their studies, various 
questions must remain open. The explanations advanced by them (quenching of 
luminescence, or absorption ahead of the flame by the "cold® water-molecules) are 
plausible. If, however, they should have to be abandoned in favor of a differing 
Surface effect, in the nature of uncomplete combustion or after-burning, in the wet. 


as compared with dry mixtures, it might be found that the very large homh employed 
by Siegel reduced the effect to negligible proportions in his experiments. . There 


appears at present to be no compelling reason to distrust nis results, 


31 Wohl, Kurt, and von Elbe, Gunther, Der Einfluss des Wasserdampfes auf die 
Warmestrahlung explodierender Gasgemische. Die spezifische Warme des 
Wasserdampfes bei hohen Temperaturen: Ztschr. phys. Chem., Abt. B, vol, 5, 
1929, p. 241. 
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' The Second point of difference to be noted is found in the ‘equilibrium data 
pertaining tothe dissociation of hydrogen, It is believed that the figures em- 
ploycd in this work, which are from the calculations of Giauque, are more reliable 
than those used.by Wohl and von Elbe, Comparison on this point will be made 
possible by the publication of his work in the near future by Giauque. 


Thirdly, Wohl and von Elbe include in their calculations the dissociation | 
of water into hydrogen and hydroxyl, Their calculations are based upon the data 
of Bonhoeffer and Reichardt, & whose paper escaped the attention of the writer. A 
study of their work, however, indicates that this dissociation can not as yet be 
treated with the accuracy desirable in the present connection, It is likely that 
at extreme temperatures the effect of this dissociation is appreciable, Qualita- 
tive considerations might be cited, however, which indicate. that it is, over much 
of the temperature range considered here, not more impartant than the ordinary 
dissociation into hydrogen and oxygen, . | 


A final’ conment concerning the high apparent values of the heat capacity. 
of water should be made. From the viewpoint of Wohl and von Elbe, there are three 
sources of these high results in such work as Siegel's, These are the heat loss 
mentioned above, : the dissociation of | hydrogen, and the dissociation of water into. 
hydrogen and hydroxyl. The calculations of the present paper, however, show vary 
definitely that the assumption of all thrée of these effects is unnecessary. Thus, 
the hydrogen dissociation alone, if fully effective, is sufficient to account for 
the excess above theoretical specific heats, <A partial contribution from each of 
the three causes remains possible, of course, and this possibility undoubtedly 
renders the excesses above the theoretical curve less significant, 


mn . 


‘ . Bue 4 . ‘ bs « 
32 Bonhoeffer, K, F., and Roichardt, Ile, zZerfall von erhitztcm Wasserdampf in 
Wasserstoff und freies Hydroxyl: Ztschr. phys. Chem» Abt. A, vol. 139, 
1928, pe 75. 
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